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Summary
Objective:  To  compare  the  stability  of  lengthened  sacroiliac  screw  and  standard  sacroiliac
screw for  the  treatment  of  unilateral  vertical  sacral  fractures;  to  provide  reference  for  clinical
applications.
Methods: A  ﬁnite  element  model  of  Tile  type  C  pelvic  ring  injury  (unilateral  Denis  type  II  frac-
ture of  the  sacrum)  was  produced.  The  unilateral  sacral  fractures  were  ﬁxed  with  lengthened
sacroiliac screw  and  sacroiliac  screw  in  six  different  types  of  models  respectively.  The  transla-
tion and  angle  displacement  of  the  superior  surface  of  the  sacrum  (in  standing  position  on  both
feet) were  measured  and  compared.
Results:  The  stability  of  one  lengthened  sacroiliac  screw  ﬁxation  in  S1  or  S2  segment  is  supe-
rior to  that  of  one  sacroiliac  screw  ﬁxation  in  the  same  sacral  segment.  The  stability  of  one
lengthened  sacroiliac  screw  ﬁxation  in  S1  and  S2  segments  respectively  is  superior  to  that  of
one sacroiliac  screw  ﬁxation  in  S1  and  S2  segments  respectively.  The  stability  of  one  lengthened
sacroiliac screw  ﬁxation  in  S1  and  S2  segments  respectively  is  superior  to  that  of  one  lengthened
sacroiliac  screw  ﬁxation  in  S1  or  S2  segment.  The  stability  of  one  sacroiliac  screw  ﬁxation  in  S1
and S2  segments  respectively  is  markedly  superior  to  that  of  one  sacroiliac  screw  ﬁxation  in  S1
or S2  segment.  The  vertical  and  rotational  stability  of  lengthened  sacroiliac  screw  ﬁxation  and
sacroiliac  screw  ﬁxation  in  S2  is  superior  to  that  of  S1.
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Conclusion:  In  a  ﬁnite  element  model  of  type  C  pelvic  ring  disruption,  S1  and  S2  lengthened
sacroiliac screws  should  be  utilized  for  the  ﬁxation  as  regularly  as  possible  and  the  most  stable
ﬁxation is  the  combination  of  the  lengthened  sacroiliac  screws  of  S1  and  S2  segments.  Even
if lengthened  sacroiliac  screws  cannot  be  systematically  used  due  to  speciﬁc  conditions,  one
sacroiliac screw  ﬁxation  in  S1  and  S2  segments  respectively  is  recommended.  No  matter  which
kind of  sacroiliac  screw  is  used,  if  only  one  screw  can  be  implanted,  the  ﬁxation  in  S2  segment
is more  recommended  than  that  in  S1.
Level  of  evidence:  Experimental  study  Level  III.
© 2013  Elsevier  Masson  SAS.  All  rights  reserved.
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oSacroiliac  screw  has  become  a  common  technology  in
xing  pelvic  posterior  ring  injuries,  and  it  is  also  used  in
acroiliac  joint  tumors  and  sacral  insufﬁcient  fractures,
tc.  Appearance  of  lengthened  sacroiliac  screw,  in  the-
ry,  brought  new  minimally  invasive  treatment  options  for
ilateral  sacroiliac  joints  injury,  bilateral  sacral  fractures
nd  those  combining  osteoporosis,  and  made  it  possible  to
ecrease  ﬁxation  failure  rate  of  unilateral  sacral  fracture
nd  dislocation.  But  related  reports  were  rarely  seen,  and
ere  limited  to  clinical  application  research  of  small  sample
ize  [1,2].  So  far,  there  is  almost  no  related  basic  research
or  the  lengthened  sacroiliac  screw  technique  and  as  for
hat  kind  of  sacroiliac  screw  or  its  combination  provides
ore  stable  ﬁxation,  there  is  no  related  basic  reports  to
heck.  In  this  study  we  used  three-dimensional  ﬁnite  ele-
ent  technique  to  imitate  two  kinds  of  sacroiliac  screws
lengthened  sacroiliac  screw  and  sacroiliac  screw)  ﬁxation
n  unilateral  vertical  sacral  fractures  (Tile  C)  to  compare
heir  stability  and  provide  reference  for  clinic  application.
ethods
 ﬁnite  element  pelvis  model  was  biomechanically  evalu-
ted  in  intact  condition  and  following  successions.  Load  of
00N  was  imposed  on  the  scrum  and  the  stress  of  pelvis,
ownward  translation  and  backward  angle  displacement  of
iddle  part  of  sacral  superior  surface  and  stress  of  ﬁxation
ystem  were  extracted  for  analysis.  The  material  prop-
rties  and  elements  used  in  the  models  are  available  in
ables  1  and  2  [3—5].
In  order  to  deﬁne  the  solid  geometry  of  the  pelvic
ones,  an  anatomic  pelvic  model  from  CT  data  of  a  healthy
oman  (36  years  old,  170  cm,  63  kg)  was  constructed.  A
4-slice  spiral  CT  (Philips)  was  used  to  obtain  images  of
elvis  with  a  scan  thickness  of  1  mm.  The  CT  data  was
Table  1  Model  parameters  of  pelvic  ligaments.
Ligament  K  (N/mm)  Number  of  springs
Anterior  and  capsule  700  27
Posterior  (inner  layer)  1400  15
Interosseous  2800  8
Sacrospinous  1400  9
Saerotuberous  1500  15
Superior  pubic  500  24
Arcuate  pubic  500  24
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rmported  into  medical  software  (mimics  10.0)  to  con-
truct  the  3D  surface  mesh  of  sacrum  and  innominatum.
he  surface  mesh  was  used  as  the  basis  for  deﬁning  the
eometric  extents  of  cortical  and  trabecular  bone  of  the
elvis.  Four  noded  linear  solid  tetrahedral  elements  with
n  average  edge  length  of  2  mm  were  used  in  Abaqus/CAE
o  create  an  unstructured  mesh  of  the  trabecular  bone.
riangle  shell  elements  with  a  thickness  of  2  mm  were
sed  to  represent  the  cortical  bone,  surrounding  the  tra-
ecular  bone  [3].  Tied  conditions  were  assumed  between
he  internal  surface  of  the  cortical  bone  and  the  sur-
ace  of  the  trabecular  bone.  Young’s  modulus  and  Poisson’s
atio  were  taken  to  be  150  N/mm2 and  0.2  for  trabecu-
ar  bone,  and  18,000  N/mm2 and  0.3  for  cortical  bone  [3].
he  sacroiliac  cartilage  and  interpubic  disc  were  repre-
ented  as  continuum  structure  occupying  the  inter-space
nd  mesh  into  hexahedron  element.  Because  of  their  impor-
ant  roles  in  pelvic  biomechanics  and  stability,  sacroiliac
igament,  sacrospinous  ligament  and  saerotuberous  liga-
ent,  etc.  were  incorporated  and  modeled  as  tension-only
iscrete  axial  connectors.  The  attachment  points  were
scertained  by  being  mimesissed  anatomy  as  closely  as  pos-
ible.  The  ﬁnal  ﬁnite  element  normal  pelvis  was  printed  in
ig.  1.
The  sacrum  was  cut  into  two  parts  through  right  sacral
oramens  to  develop  the  model  of  unilateral  sacral  fracture.
n  the  simulation,  two  kinds  of  cannulated  screws  (length-
ned  sacroiliac  screw  and  sacroiliac  screw)  with  a  diameter
f  7.3-mm  were  used  to  be  placed  at  S1  or  S2  or  both  of  S1
nd  S2  in  the  models  of  unilateral  sacral  fracture.
Six  ﬁxation  cases  were  imitated  for  ﬁnite  element  anal-
sis:
 one  lengthened  sacroiliac  screw  ﬁxation  in  S1  segment
(L1);
 one  lengthened  sacroiliac  screw  ﬁxation  in  S2  segment
(L2);
 one  lengthened  sacroiliac  screw  ﬁxation  in  S1  and  S2  seg-
ments  respectively  (L12);
 one  sacroiliac  screws  ﬁxation  in  S1  segment  (S1);
 one  sacroiliac  screws  ﬁxation  in  S2  segment  (S2);
 one  sacroiliac  screws  ﬁxation  in  S1  and  S2  segments
respectively  (S12)  (Figs.  2—7).In  order  to  assemble,  tie  constraints  were  applied
etween  the  interaction  surfaces  of  sacrum,  sacroiliac  car-
ilage  and  ilium,  between  the  interaction  surfaces  of  pubic
ami  and  interpubic  disc,  and  between  the  bone-implant
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Table  2  Model  parameters  of  various  kinds  of  material.
Young’s  modulus  (MPa)  Poisson’s  ratio  Element  type
Cortical  bone  18,000  0.3  Shell  element
Trabecular  bone  150  0.2  Tetrahedral  element
Sacroiliac cartilage  1000  0.3  Hexahedral  element
Interpubic disc  5  0.45  Hexahedral  element
Screw 114,000  0.3  Hexahedral  element
Figure  1  Pelvic  three-dimensional  ﬁnite  element  model  (the  left  is  frontal  view  and  the  right  is  posterior  view).
Figure  2  Sketch  map  of  L1.
Figure  4  Sketch  map  of  L12.Figure  3  Sketch  map  of  L2.interfaces  in  the  screw  thread  regions.  Frictionless  slid-
ing  contact  was  applied  between  the  interaction  surfaces
of  the  bone-implant  interfaces  in  the  screw  stem  regions.
Penalty  contact  with  a  friction  coefﬁcient  of  0.3  was  applied
b
c
a
tFigure  5  Sketch  map  of  S1.
etween  the  interaction  surfaces  of  fractures.  Boundary
ondition  was  simulated  with  the  rotation  center  of  the
cetabula  being  ﬁxed.  600N  vertical  load  was  imposed  to
he  superior  surface  of  sacrum.
604  Y.  Zhao  et  al.
Figure  6  Sketch  map  of  S2.
R
T
•
•
•
•
•
D
S
m
H
s
b
n
o
[
w
Table  3  The  downward  translation  and  backward  angle
displacement  of  the  superior  surface  of  the  sacrum.
Downward
translation  (mm)
Backward  angle
displacement  (degree)
Normal
pelvis
0.087  0.037
L1 0.183  0.081
L2 0.164  0.075
L12  0.147  0.069
S1 0.188  0.087
S2 0.170 0.076
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fFigure  7  Sketch  map  of  S12.
esults
he  results  of  this  study  shows:
 the  stability  of  one  lengthened  sacroiliac  screw  ﬁxation
in  S1  or  S2  segment  is  superior  to  that  of  one  sacroiliac
screws  ﬁxation  in  the  same  sacral  segment;
 the  stability  of  one  lengthened  sacroiliac  screw  ﬁxation
in  S1  and  S2  segments  respectively  is  superior  to  that
of  one  sacroiliac  screw  ﬁxation  in  S1  and  S2  segments
respectively;
 the  stability  of  one  lengthened  sacroiliac  screw  ﬁxation  in
S1  and  S2  segments  respectively  is  superior  to  that  of  one
lengthened  sacroiliac  screw  ﬁxation  in  S1  or  S2  segment;
 the  stability  of  one  sacroiliac  screw  ﬁxation  in  S1  and  S2
segments  respectively  is  markedly  superior  to  that  of  one
sacroiliac  screw  ﬁxation  in  S1  or  S2  segment;
 the  vertical  and  rotational  stability  of  lengthened  sacroil-
iac  screw  ﬁxation  or  sacroiliac  screw  ﬁxation  in  S2  is
superior  to  that  of  S1  (Table  3).
iscussion
acroiliac  screw  has  been  an  important  progress  in  the  treat-
ent  of  posterior  pelvic  ring  injury  during  the  past  20  years.
owever,  some  clinical  reports  showed  that  conventional
acroiliac  screw  may  not  universally  result  in  sufﬁcient  sta-
le  ﬁxation.  Keating  et  al.  [6]  obtained  an  anatomic  or
ear-anatomic  pelvic  reduction  with  sacroiliac  screws  in  84%
f  patients  but  had  a  44%  malunion  rate  ﬁnally.  Damian  et  al.
7]  found  that  in  the  management  of  vertical  sacral  fracture
ith  sacroiliac  screws,  ﬁxation  failure  and  loss  of  reduction
s
t
c
tS12  0.148 0.074
re  more  likely  to  happen.  So  lengthened  sacroiliac  screw
rised.
The  so-called  ‘‘lengthened  sacroiliac  screw’’  is  a  single
crew  through  bilateral  sacroiliac  joints  and  sacral  body.  So
ar,  there  is  no  uniﬁed  appellation  for  this  kind  of  screw.
ome  reports  called  it  ‘‘trans-sacral  ﬁxation’’  [1],  and  other
eports  called  it  ‘‘signiﬁcantly  longer  screw’’,  ‘‘speciﬁc
onger  screw’’  [8]  or  ‘‘transiliac-transsacral  screw’’  [2].  This
aper  used  ‘‘lengthened  sacroiliac  screw’’  to  describe  it.
ecause  the  lengthened  sacroiliac  screw  obtains  ﬁxation
y  traversing  bilateral  sacroiliac  joints  and  sacral  body,  so
his  technique  can  solve  the  problem  of  bilateral  sacroil-
ac  joint  fractures  and  dislocations  [2]. In  addition,  because
he  screw  is  signiﬁcantly  longer  than  conventional  sacroil-
ac  screw,  so  even  if  it  is  used  for  unilateral  sacroiliac  joint
njury  or  sacral  fracture,  it  also  can  in  theory  increase  ﬁrm
egree  of  ﬁxation.  So  the  lengthened  sacroiliac  screw  is
ore  applicable  to  repair  surgery  after  ﬁrst  failure  of  the
acroiliac  screw  ﬁxation  [1]  and  pelvic  posterior  ring  injury
ombining  osteoporosis.  Therefore,  the  lengthened  sacroil-
ac  screw  is  the  improvement  of  sacroiliac  screw,  and  is  also
 special  kind  of  sacroiliac  screw.
The  following  content  needs  to  be  pointed  out.  Firstly,
lthough  Tile  C  pelvic  ring  injury  involves  an  unstable  ante-
ior  ring  which  should  be  ﬁxed,  considering  the  diversity  of
nterior  pelvic  ring  ﬁxation  styles  which  certainly  will  affect
he  stability  of  posterior  pelvic  ring,  we  did  not  imitate
nterior  pelvic  ring  injury  and  its  ﬁxation  but  just  kept  the
nterior  pelvic  ring  normal  state.  Although  the  value  related
o  the  stability  of  posterior  pelvic  ring  is  small,  it  does
ot  affect  the  stability  comparison  between  several  models.
econdly,  we  reserved  multiple  important  pelvic  ligaments
o  maximize  the  simulation  of  the  pelvic  stability  while  we
id  not  imitate  the  muscles  and  made  no  attempt  to  sim-
late  the  additional  stability  of  these  muscles  to  exclude
ny  unpredictable  forces  that  might  inﬂuence  the  measure-
ents  [9]. Thirdly,  there  are  a  variety  of  forms  of  sacral
omminuted  fractures  and  we  cannot  simulate  all  the  status
f  the  fractures  accurately.  Therefore,  the  unilateral  sacral
racture  was  imitated  with  one  sagittal  plane  through  unilat-
ral  sacral  foramina  which  can  simulate  the  type  of  sacral
racture  (Denis  II)  typically.  The  straight  smooth  fracture
urface  was  convenient  to  model  standardization  and  helped
o  avoid  affecting  meshing  and  accuracy  of  the  following  cal-
ulation.  Fourthly,  the  positions  of  pelvises  were  adjusted  to
he  same  horizontal  as  the  top  surface  of  pubic  symphysis
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and  the  bottom  surface  of  sacrum,  which  simulated  the  state
of  normal  double  legs  standing.  Fifthly,  the  ﬁnite  element
model  building  in  this  study  dose  not  rely  on  bone  mineral
density.  Consequently,  our  ﬁndings  theoretically  apply  to
both  young  patients  and  older  patients.
This  study  found  that  the  direction  of  sacral  translation
was  mainly  in  the  direction  of  the  applied  force,  which  is
consistent  with  the  result  of  a  cadaveric  pelvic  biomechan-
ical  research  [9].  We  found  that  vertical  load  on  posterior
pelvic  ring  led  to  downward  translation  in  coronal  and  sag-
ittal  plane  and  backward  rotation  in  sagittal  plane  of  the
middle  sacral  superior  surface  and  the  ventrodorsal  and
mediolateral  displacement  of  this  part  was  almost  zero.
Therefore,  the  comparison  of  vertical  and  rotational  stabil-
ity  of  two  kinds  (six  types)  of  complexes  of  posterior  pelvic
rings  and  sacroiliac  screws  can  reﬂect  the  ﬁxation  effects
of  all  ﬁxation  methods.  This  study’s  results  suggest  that  S1
and  S2  lengthened  sacroiliac  screws  (L1  and  L2)  should  be
utilized  for  the  ﬁxation  in  unilateral  sacral  fractures  of  Tile
C  pelvic  ring  injury  as  far  as  possible  and  the  most  stable  ﬁx-
ation  is  the  combination  of  the  lengthened  sacroiliac  screws
of  S1  and  S2  segments  (L12).  Even  if  lengthened  sacroil-
iac  screws  cannot  be  used  due  to  limited  conditions,  one
sacroiliac  screw  ﬁxation  in  S1  and  S2  segments  respectively
is  recommended  (S12).  In  addition,  this  study  shows  that
the  vertical  and  rotational  stability  of  lengthened  sacroil-
iac  screw  and  sacroiliac  screw  ﬁxation  in  S2  is  superior  to
that  of  S1.  Thus,  we  conclude  that  the  ﬁxation  effect  of
various  sacroiliac  screws  may  be  partly  related  to  the  pelvic
anatomy.  We  suggest  that  no  matter  which  kind  of  sacroiliac
screw  is  applied,  if  only  one  screw  is  implanted,  the  ﬁxation
in  S2  segment  is  more  recommended  than  that  in  S1.
S1  and  S2  constitute  the  anatomic  basis  for  sacroiliac
screws’  ﬁxation.  Misplacement  of  sacroiliac  screws  may
reduce  the  strength  of  ﬁxation  and  additionally  lead  to
neurologic  or  vascular  complications  [10].  Our  radiological
anatomy  study  on  posterior  pelvic  rings  of  normal  adults
shows  that  the  horizontal  sacroiliac  screws’  safe  insertion
space  of  S1  is  larger  than  that  of  S2  [11].  Accordingly,  most  of
sacroiliac  screws  were  placed  in  S1  segment  clinically  [10].
Some  reports  on  the  clinical  application  of  sacroiliac  screws
show  that  compared  with  S1  segment,  the  screw  misplace-
ment  rate  in  S2  segment  is  higher  [9,12,13].  On  the  contrary,
some  clinical  reports  suggest  that  sacroiliac  screw  inser-
tion  in  S2  level  with  conventional  C-arm  ﬂuoroscopy  is  also
safe  and  feasible  [14].  Because  the  fracture  lines  of  vertical
sacral  fractures  (Tile  C  type)  approximately  lie  in  sagittal
planes,  this  kind  of  posterior  pelvic  damage  suits  for  hori-
zontal  sacroiliac  screw  placement  [15],  which  is  conducive
to  fracture  reduction  and  fracture  ends’  compressing.  And
the  bony  structure  of  S2  segment  runs  horizontally,  which
exactly  suits  for  horizontal  sacroiliac  screw  placement.  Fur-
thermore,  a  study  [8]  shows  that  the  S2  segment  provides  a
larger  osseous  site  for  screw  insertion  than  S1  in  dysmorphic
sacrums  and  the  signiﬁcantly  longer  screws  are  possible  in  S2
compared  with  the  dysmorphic  S1  segment.  Another  study
also  indicates  that  the  S2  segment  may  be  a  primary  ﬁxation
opportunity  in  patients  with  sacral  dysmorphism  [16].  Com-
bined  with  this  mechanical  study  results,  sacroiliac  screw
ﬁxation  in  S2  is  a  good  choice  in  the  treatment  of  some
unilateral  vertical  sacral  fractures  if  technical  conditions
allow.605
Some  mechanical  principles  may  underlie  the  basis  for
he  effectiveness  of  lengthened  sacroiliac  screws.  Firstly,
orczyca  et  al.  [17]  reported  that  vertical  shear  was  the
ajor  force  vector  across  the  posterior  pelvis  ring,  and
uthors  [18,19]  reported  that  the  load  was  distributed
long  the  entire  length  of  the  sacroiliac  screw.  So  a  longer
acroiliac  screw  may  distribute  the  load  better  and  resist
isplacement  while  decreasing  stresses  at  the  tip  of  the
crew  [2]. The  longest  distance  in  sacroiliac  complex  is  the
engthened  sacroiliac  screw  path.  The  use  of  lengthened
acroiliac  screw  going  through  the  sacral  body  in  a  unilateral
acral  fracture  seems  evident  according  to  biomechanical
rinciples.  This  study  found  that  the  stress  distribution
f  lengthened  sacroiliac  screws  was  more  dispersive  and
omogeneous  than  that  of  conventional  sacroiliac  screws.
his  effectively  supports  the  aforementioned  biomechani-
al  principle  which  has  not  been  clariﬁed  before.  Secondly,
onventional  sacroiliac  screws  play  a  part  in  ﬁxation  by  com-
ining  two  or  three  cortices  lateral  to  the  injury  and  zero
r  one  cortex  medial  to  the  injury,  which  provide  unbal-
nced  ﬁxation  and  may  lead  to  loss  of  reduction.  On  the
ontrary,  lengthened  sacroiliac  screws  combine  cortices  of
acrum  and  ilium  both  lateral  and  medial  to  the  injury,  which
ay  improve  ﬁxation  effect  and  minimize  loss  of  reduction
y  providing  continuous  balanceable  ﬁxation.
However,  this  study  showed  that  the  translation  and  rota-
ion  stability  of  the  sacrum  in  intact  pelvis  were  clearly
uperior  to  that  of  any  posteriorly  ﬁxed  pelvis.  There-
ore,  we  suggest  that  premature  weight-bearing  should  be
voided  lest  internal  ﬁxation  failure  and  loss  of  reduction,
ven  though  the  most  stable  ﬁxation  is  applied.
It  needs  to  be  emphasized  that  there  are  many  vari-
tion  phenomenons  in  sacrums  as  mentioned,  and  not  all
elvic  posterior  rings  ﬁt  into  the  placement  of  lengthened
acroiliac  screws  [20,21].  For  example,  in  case  of  high  L5-S1
ordosis,  the  position  of  the  S1  body  is  not  always  aligned
ith  both  sacral  ala.  Thus,  the  lengthened  screw  is  not
lways  feasible  without  extraosseous  trajectory.  Similarly,
2  may  not  always  have  the  safe  space  for  the  lengthened
acroiliac  screw  placement  either.  So  anyway,  it  is  neces-
ary  to  read  the  pelvic  CT  carefully  before  the  operation.
he  concrete  scheme  of  sacroiliac  screw  placement  can  be
etermined  only  after  exclusion  of  all  variations  interfering
ith  the  screw  placement.
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